Abstract-This study examined the relationships among physical activity, glucocorticoid use, body composition, and bone health in ambulatory women with multiple sclerosis (MS). Twenty-nine white women (mean +/-standard deviation: age 45.1 +/-9.0 yr, Expanded Disability Status Scale 2.9 +/-1.2) diagnosed with MS were assessed for whole body (WB), proximal femur (PF) and lumbar spine (LS) bone status (bone mineral content [BMC], bone mineral density [BMD], and quantitative ultrasound index [QUI] by calcaneal quantitative ultrasound) and body composition by dual energy X-ray absorptiometry; for physical activity by pedometer and accelerometer; and for glucocorticoid medication exposure by selfreport. Accelerometer counts were related to PF BMC (r = 0.50, p = 0.010) when we controlled for age, fat and lean mass, MS disease duration, and glucocorticoid use. Glucocorticoid use was not associated with bone measures. When we controlled for age and fat mass, lean mass was associated with WB BMC (r = 0.41, p = 0.04), PF BMC (r = 0.61, p = 0.001), and speed of sound (SOS) (r = 0.44, p = 0.02), whereas fat mass was associated with SOS and QUI (r =0.43, p = 0.03, and r = 0.44, p = 0.02, respectively). Lean mass was an independent predictor of WB BMC (p = 0.04) and PF BMC (p = 0.001), whereas fat mass was an independent predictor of LS BMD (p = 0.05). In conclusion, physical activity and lean mass are associated with femoral bone mass in women with MS who are ambulatory.
INTRODUCTION
Multiple sclerosis (MS) is a chronic disease of the central nervous system in which the body's own immune system attacks the myelin sheath surrounding the axons of neurons in the brain, brain stem, and spinal cord [1] . The resulting demyelination and transection of axons cause disruption of neural impulses, and neuropathic changes yield functional impairments such as abnormal walking mechanics, poor balance, muscle weakness, and fatigue. The resultant functional impairments lead to an increased risk of falling that, combined with low bone mass, can increase the frequency of bone fracture in individuals with MS [2] [3] [4] [5] .
Physical activity has been cited as a factor that influences bone health in those with MS [6] , but no published studies have used objective methods to examine the relationship between participation in physical activity and bone mineral density (BMD) in ambulatory individuals with MS. However, evidence exists that BMD is related to the level of ambulatory function in individuals with MS [2, 5, [7] [8] [9] [10] . Importantly, physical activity and ambulatory function are separate constructs and the association between physical activity and bone must be examined independent of ambulatory function in those with MS.
MS exacerbations are often pharmacologically managed with glucocorticoids. Importantly, the use of glucocorticoids is a risk factor for osteoporosis [11] [12] [13] . The severity of bone loss depends on dose and duration of treatment [12] . High doses of glucocorticoids, such as those typically used in treatment of MS exacerbations, have been shown to increase bone resorption and decrease bone formation [14] [15] . Research suggests that the use of glucocorticoids is a predictor of bone loss in individuals with MS [2, 7] ; however, most studies do not assess the effect of long-term use of glucocorticoids on BMD in those with MS [9, [15] [16] . The association between long-term glucocorticoid use and BMD is still somewhat unclear because only one study has reported long-term effects and reported no association of high dose methylprednisolone on BMD in MS patients [17] . Also, glucocorticoid use has not been found to be associated with bone architecture as measured by quantitative ultrasound, a measure of bone strength [18] . Nevertheless, osteopenia and osteoporosis are more prevalent in the MS population than in controls [2, 5] . To our knowledge, no research has evaluated the capacity of physical activity to attenuate the negative impact of glucocorticoid use on BMD or bone quality as measured by ultrasound attenuation in the MS population.
Additionally, body weight has been established as a primary predictor of BMD [19] . More research emphasis is being placed on the effect of soft tissue components on whole body (WB) and central measures of BMD (lumbar spine [LS] and proximal femur [PF]) [20] . Lean mass appears to be a stronger predictor in young women, whereas fat mass has a stronger association with BMD in postmenopausal women [21] [22] [23] . Glucocorticoid medication can lead to loss of lean mass [24] , which together with the demyelination process of MS, can result in muscle weakness [11] . To our knowledge, only one study has assessed the effect of glucocorticoid therapy on lean mass and the association between lean mass and WB bone mineral content (BMC) in those with MS [7] . No studies to date have examined the contribution of lean mass or fat mass on WB and central measures of BMD, which is linked to fracture risk, in those with MS.
Many women with MS do not undergo preventive healthcare or screening for premature osteoporosis despite increased risk as a result of decreased ambulation, decreased physical activity, and use of glucocorticoid medication [3] . Therefore, more information is needed to improve awareness of modifiable factors, specifically physical activity and body composition, that potentially influence bone health in the female MS population. In this context, the primary aim of this study was to determine the relationships among physical activity, use of glucocorticoids, body composition (lean and fat mass), and bone health as indicated by BMC and BMD and broadband ultrasound attenuation (BUA) at the calcaneous in ambulatory women with MS. We expected that physical activity and lean mass would be positively associated with bone health and that physical activity would offset deleterious effects of glucocorticoid use on BMD.
METHODS

Research Subjects
Participants were recruited through flyers posted at a local neurologist's office and contact with local MS selfhelp groups. The study sample consisted of 29 white women with a definite diagnosis of MS; the participant characteristics are provided in Table 1 . Of the participants, 28 had relapsing-remitting MS and 1 had secondary progressive MS based on classifications of the Multiple Sclerosis International Federation [25] . Twentyfive of the participants were ambulatory without aid, and four used a cane to aid with ambulation. Five women were postmenopausal, and three used hormone replacement therapy. Four women had had a hysterectomy, two of whom had intact ovaries. All procedures for this study were approved by the institutional review board at the University of Illinois at Urbana-Champaign, and participants provided written informed consent.
Medical History and Glucocorticoid Exposure
The Expanded Disability Status Scale (EDSS) score, assessed by self-report [26] , was used as an index of patient clinical status [27] . Seventeen participants used immunomodulatory medication for MS. In addition, participants were asked to recall number of past glucocorticoid medication courses, form of treatment, and dosage. Because we lacked access to medical records, we summed the number of oral and intravenous glucocorticoid courses, rather than dosage of treatments, to create an index of glucocorticoid exposure. Corticosteroid medication data for treatment of conditions other than MS were also collected. Two participants had previously used asthma medication containing corticosteroids. Two participants used bone resorption inhibitor medication (alendronate sodium) for bone health. Eight participants reported a history of bone disease as defined by the World Health Organization [28] .
Anthropometric Measures
Standing height and weight measurements were completed with participants wearing lightweight clothing and no shoes. Height was obtained with a stadiometer. Weight was measured on a calibrated digital scale (Tanita, Model BWB-627A; Tokyo, Japan) while participants stood with their weight evenly distributed.
Body Composition and Bone Measures
Dual energy X-ray absorptiometry (DXA) was used for body composition and bone measures. Upon arrival at the laboratory, participants changed into medical scrubs or wore lightweight clothing and removed all jewelry and other clothing (including bras and girdles) except underwear. BMC, BMD, and WB soft tissue composition were measured by DXA with a Hologic QDR 4500A bone densitometer (software version 11.2; Bedford, Massachusetts) from scans of the WB, LS, and PF. Short-and long-term accuracy of the densitometer were verified by scanning a manufacturer's hydroxyapatite spine phantom of a known density. All DXA scans were performed by an Illinois state licensed X-ray technologist and analyzed by the same investigator. WB and regional BMD T-scores (LS and PF) were used to assess osteoporosis or osteopenia status. The T-score is an index of standard deviation of mean peak bone mass of young white women [28] . Z-scores were used to assess bone health status compared with normative databases provided by the DXA manufacturer (matched on age and sex). The Z-score is an index that normalizes BMD values by comparing the amount of bone loss with the expected loss for individuals of the same age and sex [28] . Precision for DXA measurements of interest is between 1 and 1.5 percent in our laboratory.
Calcaneal Quantitative Ultrasound
We used a Hologic Sahara Clinical Bone Sonometer (Bedford, Massachusetts) to determine BUA, speed of sound (SOS), and quantitative ultrasound index (QUI) in the dominant calcaneus. The QUI is a linear combination of BUA and SOS into a single parameter. Calcaneal QUIs assess mechanical and microarchitectural bone properties [29] [30] . Quality control for ultrasound parameters was conducted by daily measurements of a phantom as per manufacturer recommendations. Because of the slightly higher precision with this instrumentation, ultrasound measurements were performed in duplicate (with complete removal of the foot and resetting of the instrument) and values were averaged. Precision for SOS and BUA is on the order of 0.5 and 2 percent, respectively, in our laboratory.
Physical Activity
We used a pedometer and an accelerometer to measure physical activity for 7 days. All participants wore both a pedometer and an accelerometer and received instructions on how to use them. Both instruments were worn from the time the participants woke up until they went to bed, except when bathing or swimming.
The Yamax SW-200 pedometer (Yamax Corporation; Tokyo, Japan) was used because this brand has received the most scientific attention in nondiseased populations and has been validated in ambulatory individuals with MS [31] . We checked each pedometer for accuracy according to manufacturer recommendations by using a brief walking test with nondisabled research assistants (500 steps at 80 m/min on a treadmill), and if the error exceeded 1 percent (i.e., 5 steps), the pedometer was not used in this study. Participants recorded daily step counts in a log.
The ActiGraph single-axis accelerometer (model 7164, Health One Technology; Fort Walton Beach, Florida) records activity counts, defined as a summation of the accelerations measured during a cycle period, with the epoch set at 1 minute in this study. The counts represent a quantitative measure of activity over time and are linearly related to the intensity of a participant's physical activity during a cycle period. We checked each accelerometer for accuracy by using the manufacturer-recommended hardware and software and calibrating, if necessary. We further checked each accelerometer for accuracy by using a walking test (15 minutes of walking at 80 m/min on a treadmill). Data from the accelerometers were downloaded into a computer. The counts for each of the 7 days were summed and then averaged across the 7 days, yielding data in total counts per day. The pedometer data were similarly expressed in total counts per day.
Statistical Analysis
All data analyses were conducted with SPSS version 13.0 (SPSS, Inc; Chicago, Illinois). Mean, standard deviation, and Wilkes-Shapiro statistic values were calculated to screen the data and ensure that assumptions of skewness, kurtosis, and normality were met for subsequent analyses. Glucocorticoid use was log-transformed to meet assumptions of normality. The relationships among scores from the measures of physical activity and bone health were examined with bivariate Pearson correlations. Partial correlations were used to examine the relationships among the measures of physical activity and bone health while controlling for potential confounding variables (i.e., age, height, weight, MS disease duration, and log-transformed glucocorticoid use). Age, height, and weight were controlled for because they are known to affect bone health. MS disease duration and glucocorticoid use were also controlled for because they may potentially affect bone health in this population. Lastly, associations between weight, lean mass, and fat mass with bone measures were examined with partial correlations while controlling for (1) age, (2) age and physical activity, (3) age and fat mass (for lean mass), and (4) age and lean mass (for fat mass). Linear regression assessed the relative contribution of primary variables (lean mass, fat mass, age, log-transformed glucocorticoid exposure) to measures of bone health by the enter-method. Although statistical significance was defined as an alpha level of 0.05, the magnitude of the effects was further described with Cohen's recommendations that correlation coefficient values of 0.1, 0.3, and 0.5 be interpreted as small, medium, and large, respectively [32] .
RESULTS
Descriptive Characteristics
Participant characteristics are shown in Table 1 . Age, body mass index (BMI), and body fat percentage varied widely. Mean ± standard deviation (SD) BMI (26.7 ± 6.6 kg/m 2 ) and body fat percentage (35.2% ± 1.3%) indicated that participants were overweight. Time since diagnosis of MS (disease duration), EDSS score, and glucocorticoid medication use also varied widely. EDSS range indicated that participants had mild to moderate disability [27] . Disease duration and EDSS score were not correlated with bone outcomes, whether or not we controlled for age, height, weight, and physical activity (data not shown). EDSS scores were correlated with pedometer (r = -0.39, p = 0.03) and accelerometer counts (r = -0.45, p = 0.02). Pedometer and accelerometer counts varied; however, based on mean pedometer step count, participants could be categorized in a "low active" group [33] . We further note that our previous analysis of self-reported physical activity based on a 7-day physical activity recall supported that this sample was largely inactive [34] , which is consistent with previous research on physical activity levels in MS [35] . As expected, pedometer and accelerometer measures were significantly correlated with each other (r = 0.89, p < 0.001).
Bone Health and Its Association with Physical Activity and Glucocorticoid Use
Bone outcomes measured by DXA and calcaneal quantitative ultrasound are shown in Table 2 , and correlations between bone and physical activity outcomes as well as bone and glucocorticoid use are shown in Table 3 . Mean T-and Z-scores indicate that the participants' bone density values for each site (WB, LS, PF) were, on average, within normal range, although T-and Z-score ranges indicate that some participants were below normal values. Only PF BMC was partially correlated with the accelerometer measurements (pr = 0.50, p = 0.01) when we controlled for age, height, weight, years since MS diagnosis, and glucocorticoid use. No bone measures were correlated with number of glucocorticoid courses, whether or not we controlled for age, height, weight, and years since diagnosis of MS.
Bone Health and Its Association with Body Composition
As expected, after we controlled for age, weight was positively associated with BMC and BMD measurements at all sites (r range = 0.42-0.67, all p < 0.05); however, weight was not correlated with heel ultrasound measures ( Table 4) . Controlling for age and physical activity as measured by the pedometer did not appear to alter the correlation between lean mass, fat mass, and bone measures ( Table 4 ). When we controlled for age and fat mass, lean mass was associated with WB BMC (r = 0.41, p = 0.04), PF BMC (r = 0.61, p = 0.001), SOS (r = 0.44, p = 0.02), and QUI (r = -0.38, p = 0.05). In contrast, when we controlled for age and lean mass, fat mass was associated with SOS (r = 0.44, p = 0.02) and QUI (r = 0.43, p = 0.03) only. Lean mass was an independent predictor of WB BMC and PF BMC, whereas fat mass was an independent predictor of LS BMD (Tables 5-6 ).
DISCUSSION
A novel finding of this study is the association of lean mass and fat mass with bone health status in females with MS. This finding is consistent with previous literature in which weight was a primary predictor of WB, LS, and PF BMD [36] [37] [38] . Of soft tissue components, lean mass has been shown to be the strongest predictor of BMD in young women without MS [23, [39] [40] [41] [42] [43] and in adults and older women without MS [36, [44] [45] [46] [47] , whereas other studies have shown that fat mass is associated with bone health [21, 23, 48] . Differences between these findings may be the result of age, since this may affect soft tissue predictors of BMD, with lean mass being a stronger predictor in young women without MS and fat mass having a stronger association with BMD in postmenopausal women without MS [21] [22] [23] . The sample population in the present study consisted of both young and older women with MS; therefore, when we controlled for age, both lean mass and fat mass were associated with BMD and BMC at most central DXA sites.
When we controlled for age in our study, both lean mass and fat mass were associated with calcaneal QUIs. As with DXA bone measures, the literature regarding the impact of lean mass and fat mass on calcaneal quantitative ultrasound outcomes is also inconclusive. In populations without MS, lean mass appears to be more strongly associated with BUA than SOS in some studies [49] [50] , whereas other data suggest that both lean mass and fat mass are associated with QUIs [51] [52] . No prior studies have assessed the association of body composition with quantitative ultrasound in the MS population. Our findings indicate that both lean and fat mass potentially contribute to bone microarchitecture in the MS population.
As we hypothesized, our data suggest that, despite the potentially deleterious effect of MS and glucocorticoid therapy on muscle and muscle function, lean mass can help maintain femoral bone mass in an ambulatory MS population. Previous studies in nondisabled populations indicate that regional differences exist in the effect of lean mass and fat mass on different BMD sites [37] , with lean mass potentially being more strongly associated with hip than spine BMD [46] ; similar findings were also obtained in a population with disabilities [53] and MS [7] . Furthermore, physical activity contributes to maintenance of lean mass and offsets muscle atrophy due to glucocorticoid therapy [24] , and in the MS population, physical activity is associated with lower fat mass [54] . Physical activity intervention studies are needed in this population to further assess the beneficial effects of physical activity on both lean mass and fat mass and the implications for bone health status. Contrary to our hypothesis, we found no significant relation between physical activity and BMD or calcaneal quantitative ultrasound measures in this population when we controlled for age, height, weight, years since diagnosis of MS, and glucocorticoid use. However, both pedometer step counts and accelerometer counts were correlated with PF BMC, even when we controlled for age, height, weight, years since diagnosis of MS, and glucocorticoid use. Most correlations in our study between physical activity and bone measures and between glucocorticoid use and bone measures can be considered small or moderate based on the magnitude of the correlation coefficient, although these correlations did not reach significance [32] . That physical activity and exercise positively affect BMD in healthy women across the lifespan is well established [55] [56] [57] . Several studies in non-MS populations have shown that PF BMD and BMC, in particular, are strongly associated with dynamic load on the hip [43, [58] [59] [60] and with accelerometer counts [41, [61] [62] . One research group found that in individuals without MS aged 30 to 49, hip joint moments can explain up to 58 percent of variance in BMC, more so than variance in BMD, independent of body size [59] . An even stronger correlation was found in another study of older adults without MS, for whom dynamic hip load independently predicted up to 93 percent of variance in BMC and 73 percent of variance in BMD [60] . However, other researchers have reported that current physical activity does not affect BMD in postmenopausal women without MS [63] and BMD of the PF is not associated with dynamic hip load in young women without MS [64] . Nevertheless, sufficient evidence supports that objective physical activity measures (i.e., pedometer and accelerometer) are associated with hip BMD and BMC in the general population. Pedometers and accelerometers measure movement of the lower limbs, in other words, movement that may affect the hip more than the other bone sites measured in this study (WB and spine); this may partially explain why the physical activity measurement method used here was only related to PF BMC.
Although a few participants, none of whom were postmenopausal, had T-scores at levels that indicated osteopenia (WB = 10%, LS = 24%, PF = 10%) [28] , mean T-and Z-scores for all measured sites were within normal range. Mean scores in this study are similar or even greater than scores found for ambulatory individuals with MS in other studies. For example, ambulatory women with MS had a mean ± SD Z-score of 0.0 ± 0.2 and had similar WB BMC as age-matched non-MS controls but had significantly greater Z-scores than nonambulatory women with MS (-0.6 ± 0.1, p < 0.01) [7] . Similar findings have been reported in other studies in which ambulatory status was an important determinant of bone loss, particularly in the hip region [2, 5, [8] [9] [10] . This finding is in agreement with our finding that physical activity was positively associated with PF BMC in our ambulatory MS population. However, other studies indicate that ambulation is not a reliable protector of bone loss in an MS population, because a significant proportion of ambulatory MS individuals may be osteoporotic or osteopenic despite a normal mean T-score within the study [5, 65] . Moreover, despite the fact that EDSS score and BMD and BMC at any site were not significantly correlated in this study, the ambulatory status of participants in our study and the physical activity levels may have been major factors in protecting against bone loss. Other factors, a major one of which is glucocorticoid medication use, may predispose MS patients to osteoporosis. Glucocorticoid use has been established as a common cause of osteoporosis [11] [12] [13] . The effect of glucocorticoid exposure in the MS population, however, is not clear. We found that the number of glucocorticoid courses was not associated with BMC or BMD at any DXA site. Cosman et al. reported that continuous glucocorticoid treatment beyond 5 months can result in bone loss in individuals with MS [2] . Glucocorticoid therapy has been suggested to have an acute effect on bone formation, which returns to basal levels after treatment is stopped [14] . However, this acute effect does not appear to affect BMD at any site (WB, LS, PF) [15] . Furthermore, the majority of studies in MS populations have shown no correlation between longterm glucocorticoid therapy use and BMD at central sites (LS, PF) [9, [16] [17] or glucocorticoid therapy and biochemical bone markers [8] . The difference in findings between our study and previous studies may be due to the difference in the measure of glucocorticoid exposure. To avoid recall bias of glucocorticoid dosage, our study used an exposure index representing the total number of glucocorticoid therapy cycles administered to the participant, whereas other studies use treatment dosage. Alternatively, the minimal effects of glucocorticoid therapy on bone status may be offset by other outcomes with stronger relation, such as body weight status or age.
Our study is not without limitations. Our study is cross-sectional; therefore, causality between variables cannot be determined. A major limitation of our study is that we did not have nonambulatory individuals with MS or non-MS controls to compare with our ambulatory MS subjects. However, we were able to compare DXA bone measures with standards (T-and Z-scores) used to assess bone health, with the Z-score being a standard score relative to age-and sex-matched controls. Furthermore, several previous studies report DXA bone outcomes in ambulatory and nonambulatory individuals with MS and in non-MS controls, thus providing comparable data. Another limitation is the small sample size, which may have affected our statistical power and resulted in nonsignificant values of clinically meaningful correlations. We attempted to offset this limitation by qualifying the magnitude of the correlation coefficients according to standard practice [32] . A final limitation of the present study is that glucocorticoid use was self-reported and we were unable to obtain data from participants on the exact doses of their treatments; rather, we obtained total number of treatments, administration method (i.e., intravenous vs oral), and approximate length of treatment. Nevertheless, the index of glucocorticoid exposure in this study provided the best information available to us without access to medical history records.
CONCLUSIONS
Physical activity and lean mass may predict femoral bone mass in women with MS who are ambulatory. Not only does physical activity have positive effects on bone health, but physical activity interventions designed specifically for people with MS have shown beneficial effects on MS-related symptoms, such as fatigue [66] [67] [68] , spasticity [69] , muscle weakness [68, 70] , and mobility limitations [71] [72] [73] . Physical activity is often suggested as a method of managing symptoms [74] and may provide an important alternative or adjuvant for pharmacological treatment. Similar to current trends in rehabilitation, our data support the importance of physical activity for individuals with MS. Furthermore, physical activity could help maintain or even increase lean mass, thus further promoting hip bone health, as has been found in other disabled populations [53] . We intend for our cross-sectional data to assist in the design of future studies, specifically physical activity longitudinal interventions, which are necessary to fully assess the benefits of physical activity on body composition, bone health, and physical function in the MS population.
